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RESEARCH MEMCRANDUM

EXPERTMENTAL DETERMINATION OF AERODYNAMIC FORCES NORMAL TO THE CHORD
DUE TO ROTATING STATL ACTING ON COMPRESSOR BLADING

By Donald F. Johnson and Eleanor L. Costilow

SUMMARY

An investigetlon was conducted on an NACA axiel-flow single-stage
compressor having a l4-inch dismeter and a 0.9 hub-tlp ratlc to deter-
mine the magnitude of the blade force varlstion due to the flow fluc-
tuations ceaused by rotating stall. The blade forces were determined
from celibrated wire-reslstance strein gages and the flow fluctuations
determined by means of hot-wire anemometers. These results were ob-
tained pertaining to the aerodynsmic forces normal to the blade chords
of the stetors and inlet gulide vanes caused by rotaeting stall in the
compressor.

At the guide vane inlet the meximm flow between stall zones was
1.3 of the average flow rate and the minimm flow rate in the stall
zone was 0.08 of the average flow rate. The frequency with which the
stall zones passed the guide vanes and stators was 51 cps.

The amplitude of the force varlation on the stators was equal to
the maximum steady-state force on the stators. The smplitude of the
oscillatory force on the gulde vanes was two to three times the steady-
state force at the maximum flow rate between_s‘ba.ll zones.

INTRODUCTION

Rotating stall has recently come ilnto prominence as a possible
source of excitation for compressor blade vibration (ref. 1). Reported
investigations have been primarily concerned with the determinstlion of
the number of stall zones formed in the compressor annulus, thelr
propagation rate (refs. 2 gand 3), and their role in exciting compressor
blades to vibrate. Reference 4 shows that large stresses can be
produced in compressor blades which are excited to resonance by rotating
stall. The vibratory stress at resonance depends, however, on the blade
damping end the strength of the excitation force. The stryength of the
excltation forces due to rotating stell has not been investigated.
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Reference 5 discusses severel factors that affect blade dsmping. The
euthor of reference & suggests that the flow rate between stall zones
may be sufficiently low to cause stall flutier; that is, the aserodynamlc
damping may be negative.

The purpose of this Investigation was to determine by means of
sultably mounted wire resistence strain gages the time variation of the
aerodynamic force normal to the blade chord (axis of minimm cross-
sectional moment of inertia) when rotating stell exlsts. In addition,
it was desired to measure the steady-state farces on the blading during
unstalled operation and, if posslible, to correlate the blade forces
measured under stalled conditions with the steady-state forces.
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APPARATUS AND INSTRUMENTATION
Compressor

The single-stage compressor used in this investlgation was an NACA
axigl-flow compressor having & l4-inch diameter and e 0.9 hub-tip ratio,
and consisting of 38 steel lnlet gulde vanes, 31 aluminum rotor blades,
and 32 cantilevered aluminum stator blades. The blades were untwisted,
untepered, and designed for a symmetrical velocity diagram at the pitch
radius as shown in figure 1. NACA 65(12)-10 blower blade profiles were -
used for both the rotor and stator at all radil. The guide vanes were
circular-arc sheet-metal vanes.

A schematic diesgrem of the compressor test setup 1s shown in
figure 2. Alr entered through the orifice tank and a motor-driven inlet
throttle into a depression tank where screens were used to stralghten the
air at the compressor inlet. The compressor sir discharged into a re-
ceiver and then through an outlet throttle to the altltude exhaust system.

Instrumentation for Flow Measurements

The rotating-stall characteristics of the compressor were determined
by the use of constent-temperature hot-wlre anemometers made of 0.0002-
inch-dlameter tungsten wire with an effectlve length of 0.08 inch. The
wire element was mounted perpendicular to the axls of the probe and
oriented normel to the mean air-flow direction at approximately midspan
of the blade. The emplifier used in conjunction with the hot-wire probes
was that reported in reference 7.

The output of the hot-wire snemometer was viewed on a cathode-ray
oscilloscope and the flow fluctuations were recaorded photographically. -
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Instrumentation for Blade Force Measurements

Four inlet gulde vanes and four stator blades were modified and
mounted ag shown in flgure 3 to accommodate reslstence-wire streain geges.
In order to provide edequate strain-gage sensitivity as well as a range
of blade natural frequencles, 1t waee necessary to reduce the blade
shenks to web sectlons of varlous thlcknesses ranging from 1/16 inchk to
1/8 inch. The experimentally determined nstural frequencies of the
bledes are given in table I.

Two strain gages were mounted side by side on each face of the web
section of the shank of every blade. The four gages on each blade were
wired in a bridge clrcuilt consisting of four active legs. Each bridge
was powered by a battery power supply and its ocutput was amplified by
a high-gain d-c amplifier. The asmplified oubtputs were recorded from
the screen of a four-chennel cathode-ray oscilloscope. The strain-gage
outputs from four blades could be observed or recorded simultaneously
if necessary.

Each instrumented blade was calibreted statically by hanglng weights
at the midspan position of its blade section and noting resultent beam
deflection on the oscillloscope.

The serodynamic forces lmposed upon the blades as they encountered
a stall zone were measured by the oscilloscope in conjunction with a low-
pess electronlic filter that was set to attenuate the components of the
strain-gage deflection signal gbove 250 cps or approximately five times
the stall frequency. The rate of attenuation in the rejection band
of the filter, that is, frequencies greater than 250 cps, 1s 18 decibels
per octave. In order to assure restoration of the blade to the statie
load position (to prevent overlapping of transient vibration) between
successive Iimpulses by the stall zone, it was found necessary to incorpo-
rate additional viscous damping. The damping required was obtained by
packing a light grease around the blade shank as indicated in figure 3.
A discussion of the use of the rejection filter and grease 1s contained
in appendix B.

PROCEDURE

In a typical run, flow measurement data were taken with hot-wlre
probes located at stetlons O and 3 as indicated in figure 2. The
frequency of the rotating stall was detexrmined by forming Lissajous
figures on the oscilloscope by use of an audiofrequency oscillstor.
Reference 2 describes the methods used in determining the number of
stalls and the method by which the amplitude of the flow fluctuations
was determined from the anemometer output.
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In general, quantitative blade force runs were made with one blade
at a time obhserved on the oscllloscope. The position of the heam on the
oscllloscope was noted before the compressor was started. For various

welght flows (compressor unstalled) at a compressor speed N/,\/_E of

167 rps the deflection of the oscilloscope beam was recorded in order

to determine the msgnitude of the blade force during unstelled operation.
Next the compressor was stalled and the amplitude of the oscilloscope
beam deflection recorded giving the blade force veriation during
compressor-gtall operation. At first, data were taken with no damping
but all later dete were taken with the blades demped as mentioned in

the previous section and explained more fully in appendix B.

RESULTS AND DISCUSSION

Experimentally determined steady-state blade forces, that is, those
forces existing during unstalled compressor operatlon, are shown in
figure 4. The steady-state forces were estimated in order to indicate
trends that might be expected in the experimental data. The calculatlons
were made by the method of reference 8, where boundary leyers, secondary
flows, tip-clearance effects, and so forth are neglectgd. The results

1
of such a calculation, shown in figure 4, consider 225 turning in the
guide venes and a relatlve dlscherge angle for both the stators and guide

o
vanes of 22% « The change in dlscharge angle with angle of attack in the
stator and rotor was ignored.

The general shapes of the calculeted and experimental steady-state
force curves shown in figure 4 correspond for both the gulde vanes and
stators. The lack of quantitative agreement between experimental and
calculated force values for the stators can in part be attributed to
several factors that have been neglected 1n the calculsted force value
which would tend to reduce these values. It is known that since the
blade height is small for this stage the boundary-lsyer losses which
are not accounted for will be apprecisble. In sddition, no diffuser
efficiencies have been epplied to the celculated stator forces which
would result in a reduction of the calculated force value. Also, the
method employed here has assumed a concentrated force at the mean blade
height, whereas the experimental data represent the actual force as
distributed over the entire blaede span. The aggregate result of these
factors would be a reduction of the calcuiated blade force so thetbt
the values detexrmined by the method of reference 8 do not seem unreason-
ably high. One reason for the spread in experimental data is the dxrift
in the d-c amplifier, which may account for an error of 10 percent in
the measurement of such small forces. The development of the equations
for calculating the steady-state blade forces is given in eppendix C.

3203
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Figure 4 shows that the calculated steady-state blade force for
the guide vanes lrncreases with welght flow. The experimental data
exhibit this same characteristic trend and show reasonsble agreement
guantitatively. The calculated steady-state blade force on the stator
increases up to & welght flow of 4.5 pounds per second, after which

1t decreases slowly. Because the compressor stalled at a weight flow

of 3.45 pounds per second, the calculated force on the stator for lower
welght flows was terminasted since the flow directlon does not conform
to those of the velocity dliagram. The experimental values for the
steady-state force on the stators show & repid increase for welght f£iows
above the stell limlt and e rapid falling off at gbout 4.5 pounds per
second. Quantitative agreement was not achieved for the reasons
discussed esrlier.

The compressor was opereted at the stalled condition, where the
oscillatory blade forces were measured. The operebting point is indi-
cated by point A on the compressor performence map glven in flgure 5.
A typical oscillogram of the hot-wire output for this operating point
is shown in figure 6; the trace is from the hot-wire anemomebter st
station O gbout l/ 2 inch upstreasm of the guide vanes. When the method
of reference 2 was gpplled to the oscillogram glven in flgure 6, the
annulus was found to conbtain one stall zone heving a frequency of 51
cps. The stall zone was revolving at about 31 percent of rotor speed
in the direction of rotor rotation (ebsolute frame of reference) and
covered sbout one-third of the annulus area. The same stell pattern
was reported for this compressor in reference 2.

The time variation in weight flow (fig. 7) was determined from
the hot-wire anemometer oscillogrem by the method given in reference
2. The ratio of the meximum to the mean value of the weight flow
ApV/ oV is almost 1.3. (All symbols appearing in the text are given
in appendix A.) At the low flow point in the rotating stall, the welght
flow is reduced to approximately 0.26 pound per second and the maximum
between stalls, 4.5 pounds per second. Since the flow rate between the
stall zones 1s greater thean that which caused stall (3.45 1b/sec) for
this particuler compressor, it seems unlikely that stall flutter could
occur between stall zones as suggested in reference 6.

A trace of the hot-wire snemometer signel at station 3, 1/2 inch
downstream of the stators, i1s shown in figure 8. This slgnal is different
from thaet observed st station O in that a small rise ln the center of the
stall zone exists, This phenomenon is Interpreted as a region of
reversed flow within the stell zone.

When the compressor wes stalled, the rotating stall region developed
in the annulus imposed osclllatory serodynamic forces on the compressor
blading. Typical oscillograms of the straln-gsge output from stabors
2 and 4 (see table I) and a hot-wire anemometer at station 3 are shown
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in figure 8. These records were tsken without any viscous damplng.
The reactlon of & blade without viscous demping when implnged upon by
a stall zone depended upon its position in its vibration cycle and iis
velocity at the time of impingement. This reaction is iliustrated by
the difference in size between succeeding transients.

In order to eliminate the overlspping of the transients and the
attendant high vibratory stresses, grease was inserted around the web
end shank of the blades as shown in figure 3.

Typicel oscillograms of the strain-gaege output, which is proportional
to blade deflection, teken with grease around the web sectlon and shank
are shown in flgure 9. It can be seen that in the case of the gulde
vanes the grease was sufficlent to damp out the transients between
successive impingements upon the blades by the stell zones. However, in
the case of the stators, even though the grease was sufficient to nearly
eliminate the translents between stall zones, a certain smount of random
blade motion remained. The trensients in the stators did not exhibit
the reproducibility between stall zones as dld those in the gulde vanes.

The damping was adequate to prevent the overlapping of the
transients. However, it was not so great as to affect seriously the
determination of the blade force because the nsturel frequencies of the
blades were several times the frequency of the stall zones; hence, the
megnification factors were near unlty for the flrst five harmonics. The
wave form of the force verlation was observed with a progressively
lower setting of the filter. Although the baslic wave form msy have
chaenged, because of the phase shifts of the higher harmonics, the
amplitude did not. Therefore, 1t wes possible to fllter out the
transients without serlously changing the wave form of the force varla-
tion. The filtered stralin-gage cutputs were considered to be the wave
form of the force vaxriation caused by the impingement of the stall zone
on & blade. The theory behind this use of a filter is explained in
appendix B. As was mentloned in the procedure, the filter was set at
low pass, 250 cps. Therefore, the fundamental of the forcing function
and its first four hermonics were unsettenuated and frequencies sbove
250 cps were attenuated at 18 declbels per octave. The attenustion of
the translents depended uporn the natural frequency of the blade in
question. Typical flltered outputs are shown in figure 10. The smpli-
tude of the force varistion as indicated by the oscillograms showed
sgreement among the four instrumented blades in each of the two blade
rows; that is, stators and gulde vanes. Although not all of the
transients were completely attenuated by the filter setting used, the
wave forms presented in figure 10 are representative of the wave form
of the force varliation. In order to mske the reported velues of the
smplitude of the osclllistory force nondimensional, the amplitude of the
time variation in force due to rotating stall was divided by the steady-
state blede force at the maximum welght flow between stall zones. The

3205
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meximum weight flow between stall zones indlicated in figure 7 was 4.5
pounds per second. The corresponding steady-state blade forces for both
the gulde venes and stabtors are indicated in figure 11, where the
averaged experimental steady-state force values are given. The ratio
of the amplitude of the oscillatory force to this steady-state force
was found to be 2:1 to 3:1 for the guide vanes and approximaetely l:1
for the stators. At present no explanatlion for the difference in the
force ratios between the stators and guide vanes is availsble. No
reversed flow after the gulde vanes that might conbribute to the higher
force could be detected. The results reported were reproducible over
a perlod of time.

SUMMARY OF RESULTS

An investigation was conducted on an NACA exial-flow single-stage
compressor having a l4-inch dismeter and a 0.9 hub-tip ratio to determine
the magnitude of the blade force variation due to the flow fluctuation
caused by rotating stall. The blade forces were determined from cali-
brated wire-resistance strain gages and the flow fluctuations deter-
mined by means of hot-wire anemometers. These results were obtained
pertaining to the serodynamic forces normal to the blade chords of the
stators and inlet gulde vanes caused by rotabting stell in the compressor:

1. At the guide vane ilnlet the meximum flow between stall zones
was 1.3 of the average flow rate and the minimum was 0.08 of the eaverage
flow rate. The frequency with which the stall zones passed the gulde
vanes and stators was 51 cps.

2. The amplitude of the force varlaetlion on the stators was equal to
the meximum steady-state force on the stators. The amplitude of the
osclllatory force on the gulde vanes was two to three times the steady-
state force at the maximum flow rate between stall zones.

Lewls Flight Propulsion Laboratory
National Advisory Commititee for Aeronautics
Cleveland, Ohio, June 9, 1854
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APPENDIX A

SYMBOILS
The following syuwbols are used in this report:
compressor annulus area, sq ft

coefficient in Fourier series representation of blade force
varistion

magnification factor

serodynamic force normal to blade chord, 1b
meximum value of blede force, F, during stalled operation
natural frequency of compressor blade, cpe
stall frequency, cps

gravitational constant, 32.2 ft/secz
integer (see sppendix B)

coupressor g£peed, rps

number of blades

ratic of hub radius to tip radius

time, sec

blade velocity, ft/sec

absolute air velocity, ft/sec

relative air velocity, ft/sec

welght flow, 1b/sec

vu/Ut

blede deflection, ft

blade deflection for 1 pound force normal to blade chord at
midspan position, Pt

320.
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Y v, /Us

¥ x/x*

o blade turning angle

] P, /14.7

4 damping ratio

6 T, /518.6

p air density, lb/cu £t

LoV amplitude of flow fluctuatiorn divided by eV based on

ov average current through hot wire

T time durstion of blade force varlation as a stall zone passes

a compressor blade, sec

9 phase shift

@y undamped naturel frequency of blade, rad/sec

Subscripts:

a,u axial and tengential components, respectively

gv gulde vane

n © mean

8 stator -

t rotor tip

o} steady state

8] before gulde vane

L before rotor

2 before stator

3 after stator

P,q,r used to indicate terms in blade response equation in appendix B
‘ 1,3 indices on phase shift term in appendix B
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APPENDIX B

RESPONSE OF COMPRESSOR STATOR TO THE VARIATIOR IN AERODYNAMLC
BLADE FORCE DUE TO ROTATING STALL

The varietion in aerodynamic loading normal to the chord of a com-
pressor blade as & stall zone passes the blade may be represented by
the followlng expression:

F(t) = F* - g\i o [stn EZE - cos kx sin XX (4 -7)] (B1)

where F¥* 15 the time steasdy blade force normal to the blade chord for
flow condltions outslide the stall zone and

F(t) = F* for t< 0 and t2>% (B2)
(note: any function of t - T=0 for t< T)

The deflection of the blade from its positlon with the steady force ¥
acting 1s given by the following equation:

2
E_(_Z‘Tyﬂ + 2tw, d Vd; y*)_ + o (y - ¥%)

t
2 kx kx
= ~ g-ak[sin_,c_t-coskﬂsin?_(t—‘c)—_l (B3)

where y¥* 1g the blade deflection due to force, F*

In genersal, with operation in rotating stell, the blade wlll not be

statlonary when 1t encounters a stall zone but will be vibrating from
the effects of the previous encounter with a stall zone. Then the ini-
tial conditions may be stated as follows

when t = 0, y(t) - y* = y(0) - y*

a(y(0) - ¥ _ &x(0)
at dt

(B4)

The solution of equation {B3) for initial conditions (B4) can be ob-
tained by standerd methods and is es follows:

3203
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y-y* = - ;- Da.K sin (-]fét_ 'b-‘Pi) - (-l)k Bin[%ﬂ- (t-T)-ij]}

= kx
Day ——
- Z Ty (-n)k oten(s-7) [‘“n A /1-§E(t-'r)—¢J -
k=1

A1 -2
] 0O 4 tw (y(0) - 7] _
e S sinEnn,\/l-gzt-QJ]} + { at o z gz e gwﬂtsin cnn,\/l-gzt-l-

(¥(0) - %) & 5 cos ap A1 - €7 ¢ (35)

where

o ET -

¢j=tan
- ()
kst
. T 2t
(piztan

[+ -]

(note: any function of t - T=0 for t<T)

The solution of equation (B3) given by equation (BS5) may be separated
into three parts; that is,

Y-y = (¥ -7 + (v - ¥ + (7 - )1 (B7)

where

(y- y*)P = '-ZD&K {sin(% t -CPj) - (-l)k sin % (t -T) -CP:J}(BB)
kml1
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w0
(Y"Y*)q = - /\/_—-—_—_% (-l)k e-ga)n(t-’t) sin [wnl\ll-gz (t-'r) -¢J] -
1-t

k=1

e_gmnt sin[a.xn l-;z t - q’,j]

(note: any function of t - ¥= 0 for t <7

and

&) tay, (v(0) - ¥%)

(v - Y*)r - 3t 5 e-ga)nt s8in a.xn'\/l - l_;z t +
Ongft - b
(y(0) - ¥% e—;mnt cos o AL - gz t (B9)

The term (y - y‘*)P represents the forced motion of the blade with
frequency components kx/t, and (y - y¥%) q and (y - y%)_ represent the
transient motion of the blade with frequency a AL - ¢2.

For the lnvestlgatlion reported in the body of the report, the
problem was to approximate F(t) from the strain-gage weasurement of
y(t). Figure 8 shows examples of strain-gage records obteined inltially.
These records show the transient motions of the blade to be larger than
the forced motion. At some coupressor speeds the transient motions
resulted in stresses sufficiently large to fatigue the web sections.

In order to reduce these transient motions, a light grease was packed
around the web sections of the blade as shown in figure 3. Examples of
strain-gege signals obtalned with the grease added are shown in flgure
9. As can be seen from the figures, the damping was sufficient to
nearly eliminate the transient motion between encounters with the stall
zones, 80 that the initial conditions as a blade entered a stall zone
were nearly such that y = y* and dy/dt ® 0, and, consequently,

(y - y¥)_,=0.

Inasmuch as the additionel. damping had reduced the transient motion
somewhat, it appesred that F(t) could be determined with sufficilent
accurscy by flltering the transient component of the blade motion
(v - y*)q from the strain-gage signal. This filtering was accomplished

by use of an electroniec filter set to attenuate frequencies above 250

L

3203
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cps at a rate of 18 decibels per octave. Examples of filtered signals
are shown in flgure 10, which indicated thet the transient frequencies
were virtually eliminated. The wave form of the strain-gage records
shown in figure 10 are spproximately the wave form of the forced motion,
(v - y*)P. Comparison of expressions (B8) and (B9) shows that (y - y*)P

is equal to F(t) - F¥ except for the magnificetion factor D end the

phase shift q’i‘

The magnification fector D and the phase shift ®; depend on the

damping texm § and the term k:r,/w:n. As stated in the body of the

report, the stell frequency was Sl cps and figure 7 shows T +to be
approximately 0.0l second; then,

kx ¢ K50
Ta, fn

The velues of the magnification factor D and the phase shift Qi for

k=1, 2, 3, 4, and 5 for each of the four stator blades and four
inlet guide vanes used in the investigation are given in teble IT. The
damping { wes estimated from the data. This teble shows that in
most cases the phase shift and megnification factor were sufficlently
smell so that the wave form of the forcing function F(t) - F¥ is
satisfactorily approximsted by (y - y*)p for its fundemental and first

four hexrmonics. Hligher harmonics for which the magnification factor
would be farther from unity and the phase shift larger than shown in
the table were atbenuated by the filter.
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APPENDIX C

CAICUIATION OF STEADY-STATE BLADE FORCES

The steady-state force was calculated based upon the velocity diagram

considerations given in reference 8, where the axial veloclity ls assumed
to remain constant throughout the stage. Thus the axisl and tangential
force components normal to the mean resultant velocity in pounds per
blade become: ' - IR

A

Fa = al- qu,m AVu (Cl)
A

F, = o5 VW, (c2)

The total steady-state force for a gulde vane using the vector dlagram
of figure 1 and combining equaetions (Cl) and (C2) is:

2 2
W~ tan & tan“o
P o= e BVA L ——— &Y (c3)
o gnAp 4

For the circular-asrc gulde vanes the chord line is coincident with the
mean veloclty vector so that the force determined from equation (C3) is
also the steady-state force normsal to the chord.

In considering the steady-state forces on the stators, it eppears
most expedient to consider inltially the component forces and to coubilne
these leter in the numerical work. Equations (Cl) and (C2) utillizing
the vector diagram in figure 1 are

F_ = -%(%E - 2 tan as) (c4)
Fu = _Wf_l (%E- - tan as) (cs)

o .
Since the stator blades were set at 27% with respect to the axis of the
compressor, the steady-state force normal to the chord is

1° 1°
F =T, sin 275 +F cos 273 (cs)

3203
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The results of the numerical calculation ere shown in figure 5 for the
following conditlons:

A,
(04
&,
n

n
U,

Sq ft . . . - . e L L] L] - . - - L] - - . L] - L] - - . * L] . . L] - 0.205
1

= ag,zdeg R L R SRR N N RO 22§

PE/BeCT & i i it i et e e e e e e e e s e e e e e e e e .. 3B2.2
Tor guide VANES .« « « ¢ o 2 ¢ o o o s o o o s o o ¢ o s s o s 38
Tor stabors ¢ . ¢ ¢ ¢ ¢ o« ¢ o ¢ o o o s o s o o = 6 o o s ¢ =« 32
ft/sec . L L] . - - - - - - - - - L ] L ] - . - - - - - . - - - - - 580
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TABLE I. - NATURAL BLADE FREQUENCIES

Blade number | Natural Web
frequency, | thickness,
cps in,
Gulde vane
1 880 0.125
2 650 .094
3 500 .078
4 375 0862
Stator
1 900 0.125
2 640 084
3 505 .078
4 410 .062

TABLE II. -~ BLADE PARAMETERS

Blade b4 D ®;, deg
number | (with
gresse) | “2% | 3 ¢ 5 k22 s 4 5
Stator
1 0.3 |1.010|1.024 |1.042| 1.066 | 3.9 5.9 | 8.0 ]10.2
2 .4 |1.016|1.038 [1.068|1.107 | 7.4 | 11.2 |[15.5 |=20.2
3 .5 1.019 [1.052 |1.073| 1.107 *|[11.6 | 18.4 |25.2 |33.3
4 .7 1.000 | .994 | .978| .943 |20.0 | 30.6 |41.9 |53.6
Gulde vane
1 0.3 [1.011}1.025|1.043} 1.070 | 3.9 6.0 8.1 {10.5
2 .4 |1.016{1.037 |1.065| 1.100 | 7.2 | 11.0 }|15.2 [19.9
3 .5 |[1.019 |1.044}1.074] 1.109 [11.7 | 18.3 |25.5 |33.7
4 .7 |1.000] .992| .867| .914 | 2.18| 33.6 |46.1 |59.1
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Figure 1. - Vector veloclity dlagrams for single-stage axlal~flow oampressors
at 0.9 hub-tip ratlio stage,
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Flgure 2. ~ Schematlc dlegram of comprasscr installation.
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Figure 3. - Compressor and blade assembly.
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Steady-state force normal to blade chord, F, b

N NACA RM E54F14
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Flgure 4, ~ Steady-state force normal to blade chord as & funcition of weight
flow for gulde vanes and stators, Corrected engine speed, N/»\/e, 167 rps,
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Pressure ratio, P /P,
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Flgure 5. = Over-all performence of single~stage compressor
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Figure 6. - Osclllogram of reotating stall at polnt A of flgure 3. Corrected engine speed,

Nﬁ\/E; 167 rpa; eguivalent weight flow,-w_\/ﬁya, 3.55 pownds per second; fregquency, fg,
5. ops.
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Weight flow fluctuation, ApV/pvV
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Plgure 7, = Verlation of welght flow in front of gulde vene dus to rotating atall.
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Figure 9. -~ Blade deflection osclllograms during rotating stall.
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(e) Number 1 guide vane; naturael blade frequency, fn, 880 ecps.

L-388968

Y———b-.'(

Laticniton,

.(¢) Number 1 stator; natural blade frequency, fp, 900 cps.

engine speed, N/-/6, 167 rps.

Corrected
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(8) Number 1 stator; natursl blade frequency', fn, 900 cps.

(b) Number 4 stator; nasturel blade frequency, fy, 410 cps.

(¢) Number 4 guide vene; natursl blade frequency, f5, 375 cps.

Flgure 10. ~ Blade forcing fungﬁion osclllograms during roteting stall.
Corrected engine speed, N/~/8, 16T rps.
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